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a  b  s  t  r  a  c  t
The  ﬂextensional  class  V ‘cymbal’  transducer  has  been  widely  adopted  for  low  power  ultrasonics  appli-
cations,  exhibiting  high  output  displacement  for low  input energy,  compared  to a single  ceramic,  when
used  as  an  actuator.  Despite  its  performance  beneﬁts,  the  original  designs  of  cymbal  transducers  have
inherent  drawbacks  for high  power  ultrasonics  applications  that require  much  higher  output  displace-
ments.  Asymmetries  introduced  during  the fabrication  process  reduce  the  efﬁciency  of the  transducer,
and  degradation  of  the  bonding  layer  between  the  end-caps  and  the  electroactive  material  can  alter  the
vibration  response  and  ultimately  lead  to  failure.  A new  design  of the  cymbal  transducer  is therefore
proposed  that  delivers  high  output  displacements.  A comparison  is  presented  between  a cymbal  based
on  the  original  design  conﬁguration  and  a new  cymbal,  to demonstrate  the effects  of input  voltage  lev-
els on the  dynamic  characteristics  and  vibration  response  of the  two  different  transducers.  For  the  ﬁrst
cymbal the  end-caps  are  directly  bonded  to  the  piezoceramic  disc  using  a  commercial  non-conductive
epoxy.  The  second  cymbal  incorporates  a metal  ring  bonded  to the  outer  edge  of  the piezoceramic  disc to
improve  the  mechanical  coupling  with  the  end-caps,  thereby  enhancing  the operational  capability  of  the
device  at  higher  voltages,  allowing  for  excitation  of higher  output  displacements  by  removing  the  prob-
lems  associated  with  failure in  the epoxy  layer.  This  design  is  demonstrated  to be particularly  suitable
for  power  ultrasonics  applications  such  as  miniature  surgical  devices,  for  example  as  drilling  and  cutting
devices  for  orthopaedics  procedures.
© 2014  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/3.0/).. Introduction
Flextensional transducers have been in use since the 1920s,
rimarily in underwater and sonar applications [1]. A class V ‘cym-
al’ ﬂextensional transducer is a variation of the ﬂextensional
moonie’ transducer design, and was developed in the early 1990s
2]. It is composed of a piezoceramic disc sandwiched between
wo cymbal-shaped metal end-caps, which are bonded directly to
he surface of the disc using a suitable adhesive agent. The end-
aps transform high impedance, low radial displacement of the
iezoceramic disc into low impedance, high axial displacement of
he end-caps. The two most critical features of the cymbal design,
hich directly inﬂuence the transducer performance, are the cavity
imensions and the thickness of the end-caps [3,4]. The geometry
f the end-caps greatly affects the frequency response of the cym-
al transducer and even small asymmetries in the epoxy layer or
n the end-caps themselves can result in each metal end-cap excit-
ng a different resonant frequency. Therefore, the vast majority of
∗ Corresponding author. Tel.: +44 1413304323.
E-mail address: Margaret.Lucas@glasgow.ac.uk (M.  Lucas).
ttp://dx.doi.org/10.1016/j.sna.2014.02.024
924-4247/© 2014 The Authors. Published by Elsevier B.V. This is an open access article uthese devices exhibit a double resonance peak in the frequency
response. Although there are many low-power applications for this
type of transducer, cymbals have remained largely undeveloped for
high-power ultrasonics applications. One of the primary reasons
for this is that the bonding material imposes a limit on the output
displacement of the end-caps. Previous studies have shown that
when the device is driven at high power levels, degradation in the
epoxy layer can occur due to high stress concentrations and this
can signiﬁcantly reduce the operating life of the device [5].
In this paper, two cymbal transducer conﬁgurations are stud-
ied and compared. The ﬁrst is consistent with the original design
developed by Newnham et al. [6], and the other is a modiﬁcation of
a design ﬁrst proposed by Lin [7]. The latter consists of a piezocera-
mic  disc bonded to a metal ring. The end-caps, which incorporate
a larger ﬂange, are attached directly to the metal ring through
screws, to improve the mechanical coupling. The two transducers
are experimentally characterised using electrical impedance mea-
surements, vibration response measurements and experimental
modal analysis (EMA).
Cymbal transducers were ﬁrst developed as low frequency,
moderate-to-high power underwater projectors [3,8] and subse-
quently as miniature ﬂextensional devices, as hydrophones and
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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power applications. In this new conﬁguration, the piezoceramic
disc that generates the radial vibration is substituted for a com-
bination of a piezoceramic disc and a metal ring, to which the
end-caps are ﬁxed directly via a number of screws. The radialF. Bejarano et al. / Sensors an
icroactuators. However, cymbal transducers were limited to shal-
ow water applications, for example at depths less than 200 m,  to
revent the hydrostatic pressure imparting permanent deforma-
ions on the device end-caps. A new design was proposed to address
his limitation, where the end-cap had a concave shape [9], and was
amed the ‘double-dipper’ transducer. This concave conﬁguration
eant that the transducer could operate under higher pressures,
lbeit with reduced output displacement. This was one of the ﬁrst
ttempts to enhance the design of the cymbal transducer for high
ower applications.
The simplicity of fabrication of the cymbal transducer allows
or tailoring of different resonant frequencies in a single device
y introducing small differences between the end-caps [4]. How-
ver, this sensitivity to changes in geometric dimensions of the
nd-caps was found to be a signiﬁcant drawback in many applica-
ions where high efﬁciency was required. Irregularities introduced
n the fabrication of cymbal transducers, such as asymmetries in
he epoxy layer and end-cap dimensions, create a double reso-
ance, characterised by a double-peak in the measured frequency
esponse [4,10,11], and this effect appears in approximately 80%
f assembled transducers. Several studies have focused on improv-
ng symmetry. A screen-printing method was proposed to improve
he deposition of the epoxy layer [10], but this only improved the
ercentage of single-peak devices to approximately 35%. An alter-
ative approach [11] involved tuning one of the end-caps to the
ame resonance frequency as the other by adding a small mass to
he top of the end-cap.
At the resonance frequency of the cavity mode, high stress con-
entrations appear at the inner edge of the epoxy layer adjacent
o the cavity of the end-cap. When the stress due to the ﬂexten-
ional and rotational movement of the end-cap reaches the tensile
trength of the epoxy, micro-cracks appear in the bond layer lead-
ng to degradation of the coupling [5]. This imposes a limit on the
aximum output displacement of the device. Subsequent studies,
ttempted to reduce the stress in the epoxy layer by introducing
lots in the end-caps [12]. These transducers exhibit higher output
isplacements, but with a reduction in the resonance frequency
epending of the number of slots introduced.
Cymbal transducers generally exhibit high Q but low efﬁciency,
ue to being small in size compared to their wavelength at res-
nance in water [13]. Therefore, in order to achieve a desirable
irectivity and source level, cymbals are commonly incorporated
nto array formations. Another conﬁguration, which allows for exci-
ation of higher displacement while avoiding failure of the bonding
ayer, involves fabrication of multi-stacked cymbals coupled in
eries [6,14], although this conﬁguration results in a low resonance
requency, dependent on the number of coupled devices. However,
y simply stacking actuators in series, the strain in the actuation
irection is not improved by more than around 2–3%. Other studies
ave also investigated the capability of transducer arrays to obtain
arger output displacements, one such example utilising Class IV
ransducers with hierarchical cellular structures in order to obtain
 signiﬁcant improvement in the total displacement [15].
One of the most recent studies regarding application of the cym-
al transducer to higher power applications [7] demonstrated that
 modiﬁcation to the coupling mechanism resulted in a transducer
hich could be operated at higher power through a conﬁgura-
ion that incorporated a metal ring connected to the end-caps. This
llowed for the necessary enhancements to the dynamic behaviour
ithout signiﬁcantly increasing the overall size of the device.. Stress considerations in cymbal transducer design
The displacement of the end-caps in a cymbal transducer is
enerated by the combination of a ﬂexural and rotational motion.Fig. 1. FE model of the cymbal transducer showing (a) expansion and (b) contraction
motion half-cycles of the end-caps.
Due to its geometry and operational mode, there are consequently
regions in the end-cap which are subjected to high stress. The areas
of highest stress include the region at the edge of the cavity, where
the epoxy layer is in contact with the end-caps [5]. Fig. 1 shows
the displacement maxima of the expansion and contraction half-
cycles of the end-caps as predicted by a ﬁnite element model run
in Abaqus. The resulting stress distribution on the surface of the
end-caps when driven at the cavity resonance frequency is shown
in Fig. 2.
For high power applications, a cymbal transducer will operate
in resonance, at the resonant frequency of the cavity mode of vibra-
tion. In resonance, the high displacement of the end-caps increases
the stress at the inner edge of the adhesive bond layer, as shown in
the ﬁnite element prediction in Fig. 3, which plots the axial stress
component. When this stress exceeds the tensile strength of the
epoxy, failure occurs, often after only a small number of cycles [5].
Since the epoxy is not a high strength adhesive suitable for high
power applications, and its use is recommended in cymbals excited
at frequencies away from resonance to avoid transducer failure,
it is necessary to improve the mechanical coupling between the
piezoceramic disc and the end-caps.
3. Cymbal design for increased end-cap displacement
amplitude
A new design of the cymbal transducer was proposed [7] which
solved a number of the drawbacks of the original design for highFig. 2. Stress (Pa) distribution in the end-cap when the cymbal is driven at the cavity
resonance frequency.
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Aig. 3. FE model prediction of the normalised stress distribution along the length of
he  epoxy layer.
ovement is transformed into a high ﬂextensional displacement
hrough these two mechanical couplings. Since there is now no
poxy layer between the end-caps and the piezoceramic disc, it is
ossible to drive the transducer at higher voltages to excite higher
isplacement amplitudes without compromising performance of
he device.
Two different methods for coupling the piezoelectric ceramic
isc with the metal ring have been proposed [7]. For the ﬁrst
ethod, a metal ring with a smaller inner radius than the piezocera-
ic  disc is used. The metal ring radius is then expanded by heating,
he piezoceramic disc is placed inside, and then the ring is cooled
uickly to produce a strong mechanical coupling. The piezocera-
ic  disc is now pre-stressed in the radial direction. For the second
ethod, a metal ring with a larger radius than the piezoceramic
isc is used and the disc and ring are bonded by an epoxy layer. For
oth of these metal ring and piezoceramic disc conﬁgurations, the
esulting cymbal transducer operates at a considerably lower res-
nant frequency than the original cymbal design; in the absence of
 direct bonded connection between the inner edge of the end-cap
avity and the ceramic, the effective cavity diameter is larger.
An improvement of this conﬁguration is proposed in order to
esign and characterise a cymbal transducer speciﬁcally aimed
t high power applications where the cymbal operates in reso-
ance at the cavity mode frequency. Fig. 4 shows a schematic of
he basic conﬁguration of the original and new cymbal transducer.
s well as the mechanical connection of the ring and end-caps viaFig. 4. Schematics of the (a) original and (b) new cymbal transducer design.
four threaded bolts, an epoxy layer bonds the end-caps and the
piezoceramic disc. The coupling between the ceramic disc and the
metal ring is also achieved via an epoxy layer, to prevent any radial
pre-stress acting on the ceramic, and thus enabling effective trans-
mission of the radial vibration movement from the piezoelectric
disc to the metal ring. The coupling of the end-cap and metal ring
via threaded bolts leads to a more rigid end-cap ﬂange. Because
of this, it is expected that the base edge of the cavity allows for
a rotational movement, which should slightly reduce the stress in
the epoxy layer. Although the improved mechanical coupling does
not entirely solve the adhesion degradation problems that were
shown to affect the original cymbal transducers, it does enable the
transducer to be operated at considerably higher powers and higher
displacements at approximately the same resonance frequency.
The new device similarly operates with the piezoceramic disc poled
in the thickness direction to generate a radial vibration which is
transmitted to the metal ring, from which the radial movement is
transformed into ﬂextensional displacement of the end-caps.
Another advantage of this new design is the improvement in the
control of transducer assembly. The use of threaded bolts means
that the end-caps can be much more accurately aligned with the
piezoceramic disc. This reduces asymmetries in the assembled
transducer, reducing the likelihood that the transducer resonance
frequency response will exhibit a double-peak.
4. Transducer fabrication process
In most studies reported in the literature, end-caps are produced
from sheet metal by punching. Whilst this is a highly repeatable
process for precise, high volume production, there are some draw-
backs. Accuracy of the cavity dimensions is paramount in ensuring
an efﬁcient transducer, however punching results in the edge
between the inner cavity and the ﬂange becoming rounded. Conse-
quently, when the epoxy resin is deposited a portion can escape into
the inner cavity area, with the resulting asymmetry affecting the
vibration response. An alternative is to cut the end-caps, so there is
no rounded edge thus reducing, but not eliminating, the chance of
epoxy resin entering the cavity. For both end-cap production pro-
cesses, however, epoxy resin entering the cavity area remains as a
signiﬁcant disadvantage of the original cymbal transducer design.
In this study, the cymbal end-caps were cut from a 0.25 mm-
thick brass sheet. Table 1 lists the dimensions of the components
F. Bejarano et al. / Sensors and Actuators A 210 (2014) 182–189 185
Table  1
Cymbal transducer dimensions (all units in mm).
Dimension Original design New design
PZT thickness 1.0 1.0
End-cap thickness 0.25 0.25
Total Ø 12.7 16.7
Base cavity Ø 9.0 9.0
Apex cavity Ø 4.5 4.5
Cavity depth 0.3 0.3
Ring inner Ø N/A 14.7
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shown alongside the corresponding results from the ﬁnite element
analysis in Figs. 7 and 8.
Since the achievable displacement of the cymbal transducer is
highly dependent on the geometry of the cavity [3], if there is
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sed for both cymbal transducers, one based on the original cymbal
esign and one based on the new design incorporating a metal ring.
t can be noticed that the dimensions of the brass end-caps for the
wo transducers must differ to allow for incorporation of the brass
ing, but the cavity dimensions remain the same in order to allow
onsistency of the cavity mode resonance frequency.
Hard PZT 402 piezoceramic discs (Piezo Kinetics) were used
or both transducers. For the original cymbal transducer a layer of
ccobond insulating epoxy resin (Emerson & Cuming), at a ratio of
hree parts epoxy resin to one part resin hardener, was  deposited
etween each end-cap ﬂange and the piezoceramic disc to form a
0 m thick epoxy layer. After careful assembly of the device in
 custom rig, the epoxy resin was left to cure at room tempera-
ure for 24 h. The reason that an insulating and not a conductive
poxy was chosen is that conductive epoxies tend to have lower
onding strength [10]. To ensure electrical contact between the
nd-cap ﬂanges and the piezoceramic disc, a small solder spot was
pplied to each surface of the PZT disc and wires were welded on
o the surface of the end-cap ﬂanges. The new cymbal assembly
equired threaded bolts and nuts, with a head diameter of 0.50 mm
nd thread diameter of 0.35 mm,  to ﬁx both end-cap ﬂanges to
he metal ring. The gap between the PZT and the metal ring was
lled with epoxy resin at a thickness of 1 mm.  The end-caps were
onded with the ceramic disc and metal ring using a layer of insu-
ating epoxy. During the curing process the bolts were used to help
chieve improved symmetry through a controlled realignment of
he end-caps and piezoceramic disc, through small adjustments to
he different bolts. For this transducer, a vital function of the epoxy
ayer is also the electrical isolation of the metal end-caps from the
lectrodes of the piezoceramic disc, as both end-caps are connected
ia the metal ring. The electrical wires were welded directly to the
eramic surfaces through two holes on the outer face of the metal
ing. For this reason, it was not necessary to apply solder spots to
he piezoceramic in the new cymbal transducer. The two assembled
ransducers are shown in Fig. 5.
. Experimental procedure and results
Experiments were undertaken to characterise and compare
he two transducers. Electrical impedance measurements were
ecorded for the purposes of quality veriﬁcation of the device
ssembly, and also as a method of determining the level of sym-
etry of the transducer, a single-peak frequency response being
n indicator of acceptable symmetry. A 1D laser Doppler vibrom-
ter (LDV) measured the displacement amplitude response of the
nd-caps of both transducers for a range of input excitation volt-
ge levels, and experimental modal analysis (EMA) was  undertaken
sing a 3D LDV to measure the modal frequencies and mode shapes.
The experimental results also allowed for veriﬁcation of numer-
cal models using Abaqus FEA software. For the ﬁnite element
odels, steady-state dynamic analysis was performed to predict
he displacement amplitude of the end-caps under different inputFig. 5. Assembled cymbal transducers based on original (right) and new (left)
designs.
excitation voltages and to calculate the modal frequencies and
mode shapes of the transducers.
5.1. Impedance and modal analysis
An impedance gain/phase analyzer (Agilent) was  used to mea-
sure the impedance spectra which are shown in Fig. 6. The
measurements give a clear indication of asymmetry present in the
transducer based on the original design, where a double-peak is
present in the response spectrum in Fig. 6(a). The cymbal exhibits
a double resonance, a symmetric and an asymmetric mode charac-
terised by out-of-phase and in-phase motion of the two end-caps
respectively [10,16].
In order to verify these modes of vibration, an experimen-
tal modal analysis (EMA) was  carried out using a 3D LDV and
data acquisition hardware and software (DataPhysics Signal-
Calc, ME’scopeVES) [17]. The mode shapes from the EMA  are19000 38000 76000 152000 250000
Frequency (Hz)
Fig. 6. Impedance spectra of the (a) original and (b) new transducer design.
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mFig. 7. Mode shapes from (a), (c) EMA  and (b), (d) FEA of the original cym
symmetry then the displacement of each end-cap is different.
onsequently, for each mode in the double resonance, there is one
nd-cap which exhibits higher output displacement than the other.
he asymmetry also introduces bending responses in the piezo-
eramic disc resulting in undesirable stress that can reduce the
perational life of the transducer. In Fig. 6 the double-peak observed
n the response of the original cymbal transducer exhibits a differ-
nt impedance peak magnitude for the two frequencies, and this is
onsistent with the different vibration amplitude of each end-cap
s observed in the EMA  results in Fig. 7. From Figs. 6(b) and 8, it
s shown that for the new transducer a single-peak resonance is
xhibited, corresponding with symmetric vibration amplitude of
he end-caps.
.2. Vibration response characterisation
The two transducers were driven over a range of voltage incre-
ents across a narrow frequency band centred at the resonance
requency of each device. The cymbals were excited through
pwards and downwards frequency sweeps in order to observe
ny nonlinearities in the displacement–frequency responses. A 1D
DV was used to measure the displacement amplitude response
rom the centre of each end-cap. Excitation was via a burst-sine
ave with 2–4 s intervals between bursts, with the interval selected
epending on the voltage level. This ensured that transducer heat-
ng was minimised for the duration of an experiment and any
easured response characteristics such as frequency shifts were
ot associated with heating of the piezoceramic. The resulting mea-
ured displacement amplitude responses of the two transducers are
hown in Fig. 9. Fig. 9(a) and (b) illustrate the maximum displace-
ent response measured for the two end-caps, hence (a) records
he response in the symmetric mode and (b) records the response in
he asymmetric mode in the case of the original cymbal transducer.
By comparing Fig. 9(a) and (b) with (c) and (d) it is possible to
bserve the result of improved symmetry in the fabricated new
ymbal transducer, both from the excitation of a single mode at
5.3 kHz (the symmetric mode) and also from the more consistent
isplacement amplitudes measured on the two end-caps.
However, for the new cymbal transducer, the constraint of the
etal ring results in a lower displacement amplitude at resonance
Fig. 8. Mode shape from (a) EMA and (b) FEA for thansducer for the (a), (b) symmetric and (c), (d) asymmetric cavity mode.
(Fig. 9(c) and (d)) than for the transducer based on the original cym-
bal design (Fig. 9(a) and (b)). In the new cymbal conﬁguration, the
driver comprises both the piezoceramic disc and the metal ring,
such that there are lower effective piezoelectric coefﬁcients than
for a piezoceramic disc driver alone. For a piezoceramic disc, the
piezoelectric coefﬁcient d33 is the strain in the polarisation axis (i.e.
perpendicular to the plane of the disc) per unit electric ﬁeld applied
in the axis of polarisation, and the coefﬁcient d31 is the strain in a
direction perpendicular to the axis of polarisation (i.e. in the plane
of the disc) per unit electric ﬁeld applied in the axis of polarisation.
The coefﬁcient d33 is related to the displacement that the ceramic
can attain in the axial direction, and the coefﬁcient d31 relates to
the displacement in the radial direction. For high power ultrasonics
applications, large values of piezoelectric coefﬁcients are required.
The axial and radial displacements of the drivers of the two trans-
ducers were measured as an indicator of the difference between
the d33 and d31 coefﬁcients respectively for the two  transducers.
From these measurements the d33 for the new transducer is 13%
lower than for the original design, whilst the d31 reduction is 38%.
The measured difference in axial displacement of the end-caps is
37% between the two  transducers (Fig. 9), where end-cap displace-
ment is largely inﬂuenced by the d31 coefﬁcient. These results mean
that, for high power ultrasonic devices, the new cymbal transducer
needs to be driven at a higher input power than the corresponding
original transducer to achieve the same displacement amplitude.
The degree of hysteresis in the displacement–frequency
response is also an important measure of transducer performance,
especially when accounting for mechanical losses. When part of
the energy in the device is dissipated internally, there can appear
regions of high stress, heat and electrical concentration in the
piezoceramic that exhibit as nonlinearities in the measured dis-
placement, one consequence of which is hysteresis. The degree of
hysteresis is deﬁned as [18]:
H% = 100X
Xmax
(1)where Xmax is the displacement at the location of maximum elec-
tric ﬁeld, where the highest hysteresis region is generated, and X
is the difference in displacement between the paths of the upwards
and downwards frequency sweeps at the half-maximum of the
e cavity mode of the new cymbal transducer.
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its incorporation into a device for a typical application. For many
high power applications, such as ultrasonic drilling or cutting, the
transducer must be able to actuate an attached mass, such as a
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Fig. 9. Vibration displacement response of the (a), (b) o
pplied electric ﬁeld. The degrees of hysteresis calculated from the
ata measured at the maximum voltage level used in this study for
he original and new design of transducers are recorded in Table 2.
Low hysteresis is calculated for the new cymbal transducer
esign, in part due to the high level of symmetry achieved in its
abrication. The result is a transducer with a more linear response,
ver the range of excitation voltages adopted in this study. This
s evidenced by the highly symmetric response curves measured
rom both end-caps in the responses for the upwards and down-
ards frequency sweeps and the constant resonance frequency
aintained across measurements from both end-caps and across
he excitation voltage range. The responses for the upward and
ownwards frequency sweeps coincide in Fig. 9(c) and (d), as
ompared with the slightly different upwards and downwards fre-
uency responses in Fig. 9(a) and (b). As well as the higher degree
f hysteresis associated with the original cymbal in Fig. 9(a) and
b), nonlinear responses are also exhibited as a shift in resonance
requency across the voltage range; a reducing frequency for one
nd-cap and an increasing frequency for the other.
.3. Failure test
Through the same measurement methodology as described in
ection 5.2, it was possible to determine the displacement ampli-
ude achieved before failure of the transducer occurred. The two
ymbal transducers were driven at increasing voltage levels and
he results are shown in Fig. 10.
The cymbal transducer based on the original design reached
 displacement of around 50 m,  above which the displacement
able 2
egree of hysteresis for the original and new cymbal transducers.
Device End-cap 1 End-cap 2
Original cymbal 2.93% 4.19%
New cymbal 0.07% 0.12%x 10
l and (c), (d) new cymbal transducer for each end-cap.
amplitude dropped due to failure of the bonding layer. This failure is
characterised by the appearance of micro-cracks in the epoxy layer
in the vicinity of the cavity. The new device reached a displacement
of around 90 m before a drop in displacement was measured. This
demonstrates the signiﬁcant advantage of the new cymbal trans-
ducer, which can be driven at higher voltage levels to attain higher
end-cap displacements through the improved mechanical coupling
and symmetry of the device.
5.4. Vibration behaviour with an added mass
To evaluate the new design of the cymbal as a transducer for0 20 40 60 80 100 120
0
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D
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Original design
New design
Fig. 10. Displacement amplitude of the original transducer and new transducer for
increased excitation voltage.
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Fig. 11. Vibration responses of the original and new designs with different masses
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a threaded stud allowing attachment of a range of different cut-
F
bdded for different input voltages.
rill-bit or blade, and therefore a circular cylindrical bar was
dopted in this study as a generic added mass. In order to main-
ain symmetry, equal masses were added to both end-caps. The
ddition of a mass constrains the axial movement of the end-
ap and an additional force also acts on the piezoceramic disc,
hereby affecting its radial movement. It is therefore important to
nderstand the effects of these constraints on the vibration dis-
lacement response in developing new devices based on these
ransducers.
Experiments were conducted, again using the same method as
escribed in Section 5.2. The material for the cylindrical bars was
tainless steel and bars were of lengths of 3 mm (mass: 0.39 g),
 mm (mass: 0.74 g), 9 mm (mass: 1.14 g), and 12 mm (mass:
.48 g). Fig. 11 shows the displacement at resonance measured
n the free end of each bar for a series of incremented excitation
oltage levels.
It can be observed that, for both transducers, when a mass is
dded the displacement is signiﬁcantly reduced compared to the
nd-cap displacements achieved in Fig. 9. However, the length of
he bar, and therefore size of the mass, has very little effect on the
isplacement and, for the range of added masses, the displacement
s very similar for both transducers. These results indicate that both
ransducers exhibit a similar response, despite the fact that the
eramic disc in the new cymbal transducer is constrained by the
etal ring.
The mechanical coupling factor, keff, is an indicator of themount of electrical energy that is transformed into mechanical
nergy, and is therefore related to the mechanical losses and
fﬁciency of the device. The mechanical coupling factor can be
ig. 13. Orthopaedic device based on the new cymbal transducer design (a) showing bla
lade  attached.Fig. 12. Variation of the keff parameter of the original cymbal and new cymbal design
transducers, with different added mass.
calculated from the relationship between the frequencies of
resonance (fr) and antiresonance (fa), given by:
k2eff =
f 2a − f 2r
f 2a
. (2)
In Fig. 12, the variation in the mechanical coupling factor, keff,
for both devices with different bar masses is shown. In the case
of the new cymbal we  might expect higher mechanical losses as a
result of the three different mechanical couplings inﬂuencing the
motion of the piezoceramic disc and end-caps; epoxy layer, metal
ring and ﬁxing bolts. Additionally, we might expect that the losses
are increased for this transducer with increasing added mass to
the end-caps as a result of the additional load affecting all three
couplings, rather than only the epoxy layer as in the case of the
original transducer. However, the results in Fig. 12 exhibit a similar
behaviour for both transducers, indicating that the losses are not
signiﬁcantly increased for the new cymbal.
5.5. Development of an orthopaedic surgical device
Based on this new cymbal transducer, a novel prototype for a
miniaturised ultrasonic orthopaedic surgical device has been devel-
oped. This device has only one end-cap and a back shell within
which the piezoceramic driver is bonded with insulating epoxy
resin. The metal end-cap is attached directly to the back shell using
threaded bolts and epoxy. Additionally, the end-cap incorporatesting blades. The design of the whole transducer, shown in Fig. 13,
is optimised to transfer the radial movement of the piezoceramic
disc directly to the metal end-cap, so that in the cavity resonant
de attachment and handle, and (b) cutting chicken femur bone with a commercial
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ode the transducer exhibits a pure axial movement, consistent
ith the traditional cymbal transducer. Initial lab based trials have
emonstrated promising performance of the device, realising pre-
ise cuts in animal bones using a commercial cutting blade designed
y Mectron s.p.a. (Fig. 13(b)).
. Conclusions
Two different designs of a cymbal transducer have been stud-
ed. In the new transducer, the mechanical coupling of the end-caps
ith the piezoceramic driver enables the device to be driven at
igher excitation levels and therefore higher displacements. The
ew design incorporates additional components of threaded bolts
nd a metal ring, but exhibits the same cavity resonance mode as
he cymbal transducer based on the original design. The exper-
mental results have demonstrated that the performance of the
ew cymbal transducer preserves the advantages of the traditional
esign, including high axial displacement for small radial displace-
ent of the disc and constancy of end-cap displacement with
ncreasing added mass. The new transducer also addresses the limit
n excitation level, imposed by debonding of the epoxy layer in the
riginal design. The improvement in the control of fabrication of
he new transducer allows signiﬁcantly improved symmetry to be
ttained, eliminating the double-peak in the cavity mode frequency
esponse, and thereby improves the resonance performance of the
ransducer. Both the increased displacement amplitude capability
nd improved symmetry of this cymbal transducer conﬁguration
ean that it is better suited to applications in high power ultra-
onics than the original design. This is demonstrated by successful
ab based cutting trials on chicken femur using a cymbal transducer
ncorporating a commercial cutting blade.
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